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ABSTRACT

Seasonal Xylem Conducting Ability in the Desert Shrub Chilopsis linearis
by
Judith M. Dudek
Dr. Paul J. Schulte, Examination Committee Chair
Associate Professor o f Biology
University o f Nevada, Las Vegas

Chilopsis linearis, a facultative phreatophyte, is a shrub that is common along
washes in arid environments like the Mojave Desert. In addition to adaptive drought
tolerant and drought avoidance mechanisms, internal anatomical and developmental
characteristics such as vessel diameter, number o f vessels produced and the season o f the
year they are produced affect the conducting ability o f xylem to transport water to the
leaves. Xylem conductance measurements indicated that no more than half of
the vessels in C. linearis are conducting in either a dry year (1994) or a wet year (1995).
This was likely due to the obstruction o f some xylem conduits by emboli (air bubbles) as a
result o f possible stress. The loss o f functioning vessels by embolism is balanced by the
production o f new vessels throughout the growing season, thus maintaining the
conducting ability o f the plant stem.

m
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CHAPTER 1

INTRODUCTION
Plants growing in arid environments must maintain a favorable water status to
insure their survival. They are dependent upon the ability o f vascular tissue,
the xylem, to transport water from the roots to the leaves. This conducting ability is
influenced by several environmental factors as well as internal characteristics that may vary
seasonally within the plant. Environmental factors include the availability o f water in the
soil and transpirational demand, which is affected by air temperature and relative humidity.
Water stress, when combined with climatic conditions, can lead to the diminished ability
o f the xylem to transport water throughout the plant.
Internal anatomical and developmental characteristics such as vessel diameter,
number o f vessels, and the season o f the year they are produced affect the conducting
ability o f the xylem. In all temperate woody plants, activity o f the vascular cambium is
episodic and dependent upon environmental conditions. New xylem (sapwood) is
produced at least once a year. Old sapwood converted to heartwood is no longer capable
o f conducting water. If water stress is prevalent, cambial activity can be severely
diminished (Mauseth, 1988). In addition, conducting elements may develop air bubbles
and become obstructed, a process wlüch can severely impair the transport o f water (Tyree
and Dixon, 1986). These two factors, xylem production and vessel loss, interact to
determine long-term conducting ability o f the stem.
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Anatomy and Conducting Ability
In angiosperms, the primary conduits o f the xylem are vessels composed of
individual cells called vessel elements. It is at maturity, when non-living, that they become
functional in the conducting o f water and solutes. Vessels vary in size, shape, type o f
secondary wall and length, depending upon species (Pickard, 1981; Mauseth, 1988).
These characteristics all contribute to conducting ability. Wider vessels have higher
conductances than narrow vessels and can transport a greater volume more rapidly.
However, irregularities on the surface o f vessel walls can also affect conductance
(Zimraermann, 1983).
Vessel elements are perforated at their end walls, forming structures called
perforation plates. The type o f plate is dependent upon species and may provide some
resistance to flow. Because the ends o f vessel elements are tapered, water not only
moves axially but also radially within the stem. This radial vessel-to-vessel communication
is accomplished via bordered pits within the lateral walls o f the xylem (Pickard, 1981). All
o f these vessel and vessel element characteristics affect the conducting ability of the xylem.
Xylem is produced by meristematic cells in the vascular cambium (Fahn, 1990).
Cambial activity, leading to the development o f new vessels, is correlated with the
elongation of buds and expansion of new leaves (Atkinson & Denne, 1988). However,
cambial activity, and hence vessel production, varies depending upon the season and
environmental conditions (Esau, 1965). Thus, the renewal o f xylem conduction through
the production o f new vessels is affected by processes controlling the cambium.
In woody angiosperm species, xylem vessels are usually distributed in one o f two
patterns, diSuse porous or ring porous. In difiuse-porous species, diameters o f those
vessels formed early in the growing season are similar to those formed later in the season
o f the previous year. In contrast, the cambium o f ring-porous woody angiosperm species
forms vessels in the spring that are markedly larger in diameter than those o f the previous
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late summer. This difference in the development between early forming wood and
latewood is apparent as annual rings (Kramer & Boyer, 1995).
Chilopsis linearis, a desert arborescent shrub, appears to be most similar to a
difilise-porous species with vessels o f various diameters dispersed across the ring. Vessel
elements vary from 110-240 pm in length and 40-60 pm in width (Scott, 1935). The
xylem tissue is segmented by both uniserate and biserate medullary rays. The walls of
xylem vessels in older wood are covered with closely crowded bordered pits.

Water Potential
Water comprises the greatest proportion of the volume in most plant cells, often
constituting 85-90 % o f the cell contents (Fitter & Hay, 1987). Water is important as a
solvent in transporting nutrients and solutes, in temperature regulation, and in supporting
plants by maintaining intracellular hydrostatic pressure. The water status o f the plant can
be assessed through measurements o f water potential, which is defined as a measure o f the
free energy or capacity o f water to do work with respect to pure water. Water potential is
commonly expressed in pressure units (pascals).
In a plant that is actively transpiring, water moves in a continuous stream from the
soil, through the plant, and into the atmosphere. Water is continually evaporating at the
air-water interface within the substomatal cavities in the leaf. This lowers the water
potential in the cell walls below that o f the xylem, creating a hydrostatic pressure gradient
that moves water from the xylem to the evaporating surfaces (Kramer, 1983). In a wellwatered plant, the highest water potentials are usually found in the roots, and the lowest in
the leaves.
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A water potential close to 0 MPa would be found in a plant that is folly hydrated.
As a plant becomes water stressed, water potential becomes lower (below 0). When the
water potential becomes too low, it may indicate that the plant is becoming water stressed
although this response is species specific. Water stress negatively affects a wide range o f
physiological processes: (I) decreasing turgor pressure limits cell and leaf expansion; (2)
closure o f stomata during the daytime reduces photosynthesis; (3) leaves abscise when the
soil dries and water content o f leaves is reduced; (4) the formation o f emboli blocks water
transport in xylem conduits; and (5) the transport o f sugar in phloem sieve tubes is
reduced (Gibson, 1996). Measuring water potential is, therefore, the most common way
o f quantifying water stress.
Xylem Cavitation
The hydraulic conductance o f a plant stem is a measure o f the ability of the xylem
to conduct water. If xylem conductance decreases, while transpiration is maintained, leaf
water potential will decrease (become more negative). The result will be a greater water
potential difference between the leaf tissue and the soil, increasing water stress (Hinckley,
Richter & Schulte, 1991). Because water in xylem conduits is under tension (negative
pressure), as transpiration increases, water potentizd in the xylem becomes lower and
xylem tension increases even more (Tyree & Sperry, 1988). As the water tension
increases, dissolved gases tend to vaporize and create an air bubble, a process termed
cavitation. Water moving through the xylem requires a continuous column or pathway.
The result o f cavitation is then the formation o f an obstruction called an embolism (Sperry
etaL, 1996).
Air-seeding Theory
Xylem vessels o f various lengths run parallel to each other through the stem.
Where they are in contact with each other, these vessels are connected by inter-vessel pits.
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The pits are distributed along the length o f the vessel in a species-specific pattern. A pit
consists o f a bordered area which gives mechanical strength and a large membrane area
that allows for the movement o f water fi*om one vessel to another (Zimmermann, 1983).
Pit membranes can prevent the passage o f air bubbles (emboli) fi-om one vessel to another
because xylem sap is held in the pores o f the pit membranes by surface tension. However,
when the surfece tension is overcome due to an increase in the tension of the water
column, air will enter the water-filled vessel (Tyree & Sperry, 1988).

Once an air bubble

gets into a vessel, it will expand, and result in vessel obstruction (embolism) for the
transport o f sap. This process, referred to as the air-seeding theory, was suggested by
Crombie, Hipkins and Milbum (1985). According to Tyree and Sperry (1988), woody
plants may possibly be subject to massive xylem dysfunction during drought situations due
to a cycle o f increased tension in one vessel causing cavitation and embolism which, in
turn, would cause an increase in tension in other vessels, resulting in additional cavitation
and embolism events. With each cavitation, subsequent xylem tensions would become
even higher, resulting in further reduction of hydraulic conductance due to embolism
formation.
Degradation o f a pit membrane over time will also adversely affect the membrane's
ability to prevent the passage o f air bubbles (Crombie, Hipkins & Milbum, 1985). Sperry,
Perry and Sullivan (1991) discovered that in older vessels, inter-vessel pit membranes
were extremely firagile and were more easily subject to degradation than younger vessels,
leading to air entry and subsequent embolism formation. Thus, with age, the loss o f vessel
function may increase.
Emboli
When an air bubble becomes lodged inside a vessel or tracheid, negative pressure
causes the bubble to expand and block the passage of water in that conducting vessel
(Sperry, Donnelly & Tyree, 1988a). Subsequently, xylem conduction is reduced and
eventually leaf water stress increases (Tyree & Dixon, 1986). Seasonally, xylem sap is
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subject to increased tension caused by environmental stresses, especially water stress due
to drought. This stress often causes cavitation which, in turn, leads to the formation o f
emboli (Sperry & Sullivan, 1992).
In addition to drought, freeze-thaw cycles may induce the formation o f emboli.
Xylem water contains dissolved air that is insoluble in ice. During freezing, the trapped air
forms bubbles. If the bubbles are large enough, when tension is reestablished, they will
increase in size and obstruct vessels (Sperry & Sullivan, 1992; Sperry et a/., 1994).
Methods of Study
A variety o f methods are used to study water status and hydraulic conductance in
plants. Xylem water potential can be estimated with a pressure chamber (Ritchie and
Hinckley, 1975). In this method, a freshly excised leaf or stem is sealed as quickly as
possible in the chamber with the cut end o f the stem or petiole exposed. Pressure is
applied to the chamber using nitrogen gas. The pressure is increased until liquid is visible
at the cut surface. The pressure measurement at which liquid appears is considered to be
equal to the negative o f the water potential in the xylem prior to excising the leaf (Boyer,
1995).
Xylem tension may be estimated directly with a pressure probe. A glass
microcapillary tube is inserted through the intact xylem conduit wall and a pressure
reading is acquired via a pressure transducer (Balling, Zimmermann & Buchner, 1988).
There is a dispute as to whether this method is reliable for measurement o f pressures in the
conducting >Q'lem elements because there are few reports o f negative pressures under
-0.5 MPa (Richter, 1997). The cohesion theory o f sap ascent states that water exists in a
continuous column between the soil and leaves, and that the tension is maintained by the
hydrogen bonding between water molecules (Holbrook, Bums & Field, 1995). Therefore,
values must be negative, not positive, as reported by Balling et al. (1988).
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Another method for assessing cavitation events in xylem conduits utilizes an
acoustical detector. The detector is attached to the side o f a stem or leaf by inserting a
needle into the xylem o f the leaf petiole. Audible sounds (vibrations) are detected which
reflect actual breaks in the water column (cavitation). To insure accuracy the apparatus is
enclosed in an acoustically isolated chamber (Crombie, Hipkins & Milbum, 1985).
Although this method may detect cavitation events, it cannot in isolation indicate the
degree o f vessel obstruction and loss o f conducting ability (Jackson & Grace, 1996).
In addition to estimates o f water potential, it is also useful to measure the ability of
tissues to conduct water. Xylem conducting ability is determined by the number and size
o f conducting vessels and the fraction o f vessels that are embolized. The role o f vessel
size has been studied using measured conductances and conductance calculated from
vessel diameters using the Hagen-Poiseuille equation. In addition, the ratio o f measured
conductance to maximum possible conductance (all vessels conducting) is a usefid index
of the degree o f embolism and potential conducting ability (Sperry, Donnelly & Tyree,
1988a).
Conductance is measured by forcing water through a stem segment at a known
pressure (Schulte & Gibson, 1988). For maximum possible conductance, air embolisms
are subsequently removed from the same segment by a high pressure flush and
conductance is again measured.

To estimate the fraction o f vessels that are not

embolized, the ratio of the number of vessels conducting to the total number o f vessels is
calculated. To determine the fraction o f vessels conducting, a segment o f the sample stem
from which air has not been removed is perfused with dye (Sperry, Donnelly, & Tyree,
1988b).
Microscopic anatomical observations o f xylem can be used to determine what, if
any, changes that may take place in the diameter o f new vessels produced during cambial
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activity. In the spring, when water stress is minimal and leaves are expanding, vessel
elements may be larger in diameter (Mauseth, 1988). As the season progresses, tracheids
and fibers become more abundant and vessel elements may be narrower. These changes in
vessel production will also affect xylem conducting ability by decreasing vessel diameter
and thus decreasing the amount of water that can be transported (Hagen-Poiseuille
equation). However, if new vessels are being produced even during the period o f seasonal
drought stress, conducting ability may remain constant.

Study Objectives
Conducting ability may be affected by both new vessel production and
functional loss o f vessels due to embolism. The objective o f this research was to observe
the seasonal changes in the ability o f xylem to conduct water in Chilopsis linearis.
My research questions were as follows:
•

What are the seasonal changes in the ability o f xylem to conduct water in
Chilopsis linearis!

•

If there are changes in xylem conducting ability, what are the causes?

•

How do conductance changes affect plant-water relations?

•

Is there a trade off between xylem vessel development and embolism formation?

This study should provide new information that will increase our knowledge o f how the
xylem functions and enhance our understanding of how desert shrubs are able to
survive in arid environments.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 2

MATERIALS AND METHODS

Field Research Sites
The Mojave Desert is classified as an arid rain-shadow desert. It is a warm desert
where plants are subjected to a long summer dry season and moderately cold winters
(Smith, Monson & Anderson, 1997).
Two field research sites were established southwest o f Las Vegas, Nevada. Blue
Diamond Wash (36°02T l"N 115°21T4"W) is located on the north side o f Nevada
Highway 160 and east o f Nevada Highway 159 approximately 30 km fi’om the University
o f Nevada, Las Vegas. The elevation is 933 m. Cottonwood Valley Wash (36°59'23"N
115°21T4"W) is located south of Nevada Highway 160, 42 km fi’o m the University of
Nevada, Las Vegas. The elevation is 1295 m. There is a narrow trail that crosses the
wash which is sometimes used by a herd of wild horses. A precipitation estimate for the
area was acquired fi’om NOAA climato logical summary records o f Nevada firom the years
1987 through 1996.
Plant M aterial
Chilopsis linearis (Cav.) Sweet ssp. arcuata (Fosberg) Henrickson (Kartesz,
1994), commonly known as desert willow, is a large, woody winter-deciduous shrub
usuzilly attaining heights o f 3-7.5 meters (Scott, 1935). C. linearis is common along
washes and watercourses between 450-1525 meters elevation. Biogeographically, C.
linearis is distributed in the warm deserts o f the southwestern United States, northeastern
Mexico, and Northern Baja peninsula o f Mexico (Munz, 1974; Henrickson, 1985).
9
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Four plants were chosen within a 23 m diameter circle at each site. In Blue Diamond
Wash, these plants ranged in height from 2.5-3.2 meters. In Cottonwood Valley Wash,
plant height ranged from 2.0-2.9 meters.
Field L eaf W ater Potential M easurem ents
Leaf water potential was measured at both research sites from pre-dawn through
mid-aftemoon for one day during May and July o f 1994 and June, July and August o f
1995 using a portable pressure chamber (PMS Instrument Company, Corvallis, Oregon) as
described by Scholander et al. (1965) and Ritchie & Hinckley (1975). The chamber was
pressurized with nitrogen gas and the bottom was lined with a moist paper toweL
Measurements were made on mature leaves which were placed in a small plastic bag to
retard evaporation loss while being transported (less than one minute) to the pressure
chamber. The leaf was sealed into the chamber and the pressure indicated at the first sign
o f water at the stem's cut end was recorded as an estimate o f leaf water potential. Two to
three leaves per plant were measured. During the daylight hours, leaves on the sun-fricing
side o f the plant were selected for measurement.
Measuring Xylem Conducting Ability
Second-year stems (freshly gathered in early morning) were wrapped in moist
paper towels and sealed in transparent plastic wrap to prevent drying during transport.
Once in the laboratory, the stem was prepared for conductance studies. Stem segments
varied in length from 3-12 cm.
Hydraulic conductance (K^) o f the stem was estimated using a method
(Fig. 1) adapted from Schulte, Gibson and Nobel (1987) which is based on the following
relationship:
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where Ki is the hydraulic conductance per unit length

MPa"^ s"^), g y is the

volumetric flow o f water (m^ s"^), AP is the pressure difference (MPa) between the ends
o f the stem, and Ar is the length (m) o f the stem.
Stems were recut under water with a razor blade and tygon tubing was slipped over
each end. On the end o f the cut stem most proximal to the stem base (upstream) a small
wire-tie was used to secure the tubing. Hydrophilic vinyl polysiloxane dental impression
material was applied to each stem-tubing joint to secure the seal. The tubing at the distal
(downstream) end o f the stem was attached to a tank containing a partial vacuum. The
proximal end o f the stem was attached to a capillary tube or graduated pipette depending
upon the rate o f flow. The flow was determined by measuring the rate o f movement o f a
meniscus within the pipette. Pressures were monitored by an HHP 720 pressure gauge
(OMEGA Engineering Inc., Stamford, CT). A degassed hydrochloric acid solution o f pH
2 was used for all measurements to prevent bacterial development (Sperry & Saliendra,
1994; Alder et a i, 1997).
M easurement of Embolism
An initial conductance was determined from the mean o f three flow rate
measurements. After the measurement, a 1 % safranin stain was introduced into the
upstream end o f the tubing and forced through the stem. After staining, the stem was then
recut under water at the upstream end removing approximately 5 mm to be utilized in
determining a pre-flush predicted conductance from measurements o f vessel diameters.
The remaining portion o f stem was then connected to the flushing apparatus where it was
flushed with the degassed hydrochloric acid solution for 15 minutes under a pressure o f
0.2 MPa (Alder et al., 1997). Embolisms are removed or dissolved by the high pressure
flush (Sperry, Donnelly & Tyree, 1988b). The Hagen-Poiseuille equation was utilized to
obtain a predicted conductance (Schulte, Gibson & Nobel, 1989)
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n /

where

is the hydraulic conductance per unit length (m^ MPa"^ s‘ ^), c/is the conduit

diameter (m), and t] is the viscosity of water ( 1.00 E-9 at 20°C); see Appendix A. After
flushing, conductance was again measured and the stem was stained with safianin.
Following both the pre-flush and post-flush staining, stem cross sections were viewed
under the microscope. For all vessels that were stained, internal vessel measurements
were made o f both major and minor axes assuming the vessels could be approximated as
ellipses. To calculate the eSective diameter o f each vessel measured, the major and minor
axes were converted to a diameter giving the same conductance according to the HagenPoiseuille equation (Langlo is, 1964; Gibson, Calkin & Nobel, 1985). Vessel diameters
were applied to the Hagen-Poiseuille equation to obtain a predicted conductance (Schulte,
1993). It is assumed that those vessels open at the initial pre-flush measurement would
also be open after post-flush measurements. Those stems which leaked during
experiments were eliminated fi-om the data set.

Seasonal Xylem Development
A research plant firom each site was selected for seasonal observation of xylem
development. A stem beginning its second year o f growth was selected firom shrub # 1 at
Blue Diamond Wash and shrub # 4 at Cottonwood Valley Wash. Each plant was.marked
with a # 2 insect mounting pin (see Wo Iter, 1968; Beckwith & Shackelford, 1976) at least
once a month fi-om May through October. In 1995, a second-year stem was selected firom
shrub # 1 in Blue Diamond Wash for a second xylem development measurement firom
February through September. The insect pin was inserted about 2 mm deep and
perpendicular to the stem axis. The distance between pin insertions was approximately
1.5-2.0 cm. The pins were not removed until the end o f the growing season when the
stems were collected in the field. The stems were then sectioned according to the date o f
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the wound and placed in bottles containing a formaldehyde acetic acid solution (Sass,
1968).
Specimen containers were placed in a vacuum in order to remove air bubbles so
the fixative solution could permeate the stems. Stems were cross-sectioned as close to the
wound site as possible (Fig.2). Growth from the beginning o f the second year ring to the
wound was measured as r^j^j and growth beyond the wound, as r^^^^ (Fig. 3). Xylem
vessel diameters were measured for all vessels in regions defined by r^j^j and r^^^^ These
measurements were utilized to obtain theoretical conductances based on the assumption
that all vessels were conducting.
Preliminary Stem Conductance Experiments
To generate a better understanding o f stem conductance during the year, two
procedural experiments were performed. Conductance measurements were made on
Chilopsis stems from the research plants at field sites to determine the effect o f stem
length on measured conductance (Sperry, Donnelly & Tyree, 1988a). An initial
conductance measurement was followed by five subsequent measurements as the stems
was successively shortened. Hydraulic conductance was estimated utilizing equation 1.
Because hydraulic conductance will be expressed per unit length

if the stem is

composed of simple unobstructed vessels, this shortening o f the stem should not change
Kp Stem flushing experiments utilized four Chilopsis stems from plants on the University
campus and sought to determine the number of flushes required to clear air from a stem
(Sperry, Donnelly & Tyree, 1988b). An initial conductance measurement was made using
a hydrochloric acid solution of pH 2. The stem was then flushed for 15 minutes at an
applied pressure o f 0.2 MPa. After flushing, another conductance measurement was
made. Two additional flushes and conductance measurements followed.
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Statistics
Statistical analyses for comparison o f annual conductances, vessel diameters, and
vessel numbers per stem were made utilizing an Analysis o f Variance (ANOVA) with Pro
Stat (Poly Software International, Salt Lake City, Utah USA). Annual conductance data
for the dry and wet years were compared using a one-way ANOVA. Vessel diameter and
vessel numbers data were analyzed using a two-way ANOVA where month o f the
growing season and the year were the two factors. Considerations o f statistical
significance were made at the P = 0.05 level.
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CHAPTERS
RESULTS
Precipitation at Spring Mountain Ranch weather station (elevation 1140 m)
averaged 234 mm per year over the ten-year period from 1987-1996. Annual precipitation
in 1994 was 162 mm and in 1995 was 346 mm (Fig. 4). The station is located
approximately 9.6 km northwest o f the Blue Diamond site and 12.8 km northeast o f the
Cottonwood Valley site. Comparing the average precipitation per year over the last 10
years, 1994 was the second lowest and 1995 the second highest.

Effect of Environment on Leaf Water Potential ('P)
At Blue Diamond, mean predawn 'P for late May 1994 was -0.67 MPa
( Sj^ = 0.03) and - 0.94 MPa (

= 0.04) in July. Mean midday 'P for May was -1.63

MPa (Sjç = 0.02) and -1.83 MPa (s^ = 0.03) for July (Fig. 5). The lowest 4^ measured
in 1994 was -1.87 MPa (s^ = 0.03) at midday in July. Water potentials became lower as
the day progressed, reaching the lowest value some time during midday depending upon
cloud cover. Both predawn and midday water potentials were lower in July. In early June
1995, predawn 'P was -0.85 MPa (Sjç = 0.05) and midday was -1.59 MPa (s^ = 0.03). In
mid July, predawn 'P was -0.67 MPa (s^ —0.07) and midday was -1.97 MPa (Sjç = 0.04).
Interestingly, the Y at 9 a.m. was slightly lower at -2.0 MPa. The midday V in August is
similar to that o f July (data not shown).
In Cottonwood Valley, mean predawn Ÿ in May 1994 was -0.47 MPa
(s^ = 0.02) and -0.55 MPa (s^ = 0.05) in July. Midday values were -1.41 MPa

18
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(s^ = 0.06) in May and -1.84 MPa (s^ = 0.03) in July. Just as at Blue Diamond, 1994
mid summer water potentials in Chilopsis linearis were lower than those o f May. In June
1995, predawn Ÿ measured -0.64 MPa (s^ = 0.03) and in July Ÿ was -0.27 MPa (s^^ =
0.05). Midday Ÿ in June was -1.41 MPa (s^ = 0.02) and in July was -1.84 MPa (s^ =
0.03). The lowest midday 'P was -1.98 MPa (s^ = 0.04) in August (Fig. 5). Midday
values for early June and mid July were similar but somewhat lower (-1.98 MPa) were
measured in August 9 (not shown).
Preliminary Stem Conductance Measurements
Conductance measurements in Chilopsis linearis indicate that as stem length
decreased, conductance per unit length increased (Fig. 6). There are presumably fewer
vessel endings in shorter stem segments. If this reduction in number o f vessel endings is
important, reducing length will lead to a higher conductance. If some o f these vessels in
the shortened segment are wider than those in the stem portion removed, conductance will
increase. Likewise, if vessels are obstructed with debris or air bubbles that become
dislodged during flushing, there will be an increase in conductance.
Stem flushing experiments showed that conductance increased after the initial
flush and reached a plateau after just one flush. Conductances after subsequent flushes
decreased slightly (Fig. 7).

Conductance of Second-Year Stems
Functional conductance ratio is the ratio o f the pre-flush conductance
measurement and the post-flush conductance. This term represents a comparison o f the
conductance o f those vessels in the stem prior to and following a flush. These
conductances, computed as a ratio, reflect the conducting ability o f the stem relative to
conduction with all vessels functioning. The degree o f embolism is interpreted fi'om this
data.
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In February and March o f 1994, plants at Blue Diamond reached their lowest
functional conductance ratio o f 0.07 (s^ = 0.08); the highest was 0.37 (s^ = 0.08) in mid
May. Conducting ability declined as summer approached until late July and early August
where they increase and then decrease again until the end o f the year.

In 1995, the

highest conductance ratio was 0.40 (s^ = 0.08) near late June, the lowest 0.22 (s^ = 0.050
in mid November. The peak summer months o f July and August had similar ratios in both
years (Fig. 8).
In 1994 mean conductance ratio of Chlopsis linearis in Cottonwood Valley was
0.36 (Sjç = 0.06) in early May. Ratios declined, reaching the year's lowest o f 0.14 (s^ =
0.02) near the end o f June. There was an increase to 0.40 (Sÿ = 0.10) in July. The highest
ratio reached was 0.49 (s^ = 0.13) in mid November. In 1995, conductance ratios
remained relatively constant from February through September (Fig. 8).
In 1994, plants from both Blue Diamond and Cottonwood Valley experienced
declines in conductance ratio in the later part o f May and in June, then increased slightly in
July and August and decreased in the fall until the end o f the year. Both sites showed a
similar trend in May and June when conductance ratio decreased. In 1995 conductance
ratios from plants in Blue Diamond fluctuated throughout the year, while conductance
ratios in plants from Cottonwood Valley remained feirly constant from February through
September.
Conductances in Chilopsis linearis averaged over the entire year at Blue Diamond
were significantly different between 1994 and 1995 (Fig. 9; one-way ANOVA, P< 0.05).
In 1994 the conductance averaged 1.24 E-9 m'^ MPa"^ s"^ (Sj^ = 0.20). In 1995, it was
almost two-fold greater at 2.42 E-9 m^ MPa"^ s'^ (s^^ —0.28). In Cottonwood Valley,
there was no significant difference (P> 0.05), 2.41 E-9 m^ MPa'^ s

(s^ = 0.03) in

1994 compared to 2.70 E-9 m^ MPa"^ s’ ^ (Sÿ = 0.03) in 1995.
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Vessel Diameters
The months o f May, July and October were chosen as representative o f seasonal
periods through the year. At Blue Diamond in 1994 the differences in diameter between
those vessels produced in May, July, and October were not significant at P = 0.05. For
Cottonwood Valley plants there was no significant difference in vessel diameter between
the months sampled (P> 0.05). For plants fi’om both sites, vessel diameter did not differ
significantly between the dry and wet years (Fig. 10).
Vessel Diameter Distribution
Vessel diameter distributions were based on data fi’om pre-flush conductance
measurements. O f the months sampled, most vessel distributions appear as a bell-shaped
curves. For plants at the Blue Diamond site in 1994, mean vessel diameters ranged from
approximately 5-75 pm (Fig. 11). The widest vessel diameter was in May at 75 pm. July
samples had no vessel wider than 60 pm and October no wider than 65 pm. In 1995
diameters ranged fi-om 5-80 pm. October had the widest vessel at approximately 80 pm.
July had no vessel wider than 70 pm. Comparing 1994 and 1995, May appears to have
had a similar range o f vessel widths. July and October o f 1995 had a slightly wider range
o f vessel diameters (Fig. 11).
In Cottonwood Valley in the dry year (1994), plant vessel diameters ranged from
approximately 7 -75pm. In the wet year (1995), vessel diameters ranged from 60 -80 pm.
Vessels were slightly wider in May 1994 than the same month in 1995. July 1994 vessel
diameters were very similar to July o f 1995. October o f 1995 had vessels with a slightly
wider diameter than October o f 1994 (Fig 12). In comparing Blue Diamond and
Cottonwood Valley, plants at both sites show the same range o f vessel diameters in May
o f 1994 with Blue Diamond having wider vessels in May o f 1995. In both July and
October o f 1994 and 1995, plants in Cottonwood Valley had wider vessels.
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Number of Vessels
For plants at the Blue Diamond site in the dry year (1994), the numbers o f vessels
conducting prior to flushing were approximately the same in May and July. Fewer vessels
were counted in October, but the decrease was not significant. In the wet year (1995),
vessel numbers were not significantly different between the months sampled. The dry and
wet years did not differ significantly in numbers of vessels produced (Fig. 13).
In Cottonwood Valley during 1994 the number o f vessels did not differ
significantly during the year. In 1995, there was a significant difference between the
months sampled over the growing season (P< 0.05). Number o f vessels per stem were 30
in May, 67 in July, and 82 in October. Differences in the numbers o f vessels present in the
dry and wet year were significant (P< 0.05). There was a 58% greater number of vessels
in July 1995 compared with July o f 1994 and 174% greater in October o f 1995 compared
with October o f 1994 (Fig. 13).
Seasonal Xylem Development in Second-Year Stems
Second-year xylem development was studied with measurements conducted over
the same 1994-1995 time period. The measurement, r^ y , designates xylem produced
prior to wounding o f the stem. At the Blue Diamond site, plant # 1 was utilized for this
experiment. In both years, the number o f vessels and the second-year xylem width
increased over the year. In 1995 both the number of vessels and the width of the secondyear xylem in Chilopsis linearis was greater than in 1994 (Figs. 14, 15). The study plants
at Blue Diamond showed continued production o f vessels throughout the season, with the
wet year (1995) producing the greatest number o f vessels.
Plants at Cottonwood Valley also showed continued vessel production during the
year. Development was similar to Blue Diamond throughout most o f the season but had
fewer vessels in October o f 1994. Xylem width increased over the course of the growing
season but not as rapidly as occurred at Blue Diamond (Fig. 14, 15).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

32

100
m

Blue Diamond

.. Cottonwood Valley

80

m

May

July

October

May

July

October

Figure 13. Number of conducting vessels per stem in
Chilopsis linearis prior to flushing. Open bars indicate
1994, hatched bars indicate 1995.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

33

0.5

1994
1995

0.4

BD

1994

CV

0.3
■o

■5 0.2
S ' 0.1

0.0
0

90

180 270
Day (Julian)

360

90

180 270
Day (Julian)

360

Figure 14. Development of second-year xylem width (mm)
in Chilopsis linearis through the growing season at Blue
Diamond (BD) and Cottonwood Valley (CV). Standard
error bars smaller than the plotted symbols are not shown.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

34

1994
1995

500
g

to

BD —

1994

CV -

400

CO

^

300

o
0)

200

E
3
z

100
0

90

180 270
Day (Julian)

360

90

180 270
Day (Julian)

Figure 15. Number of vessels produced in second-year
xylem of Chilopsis linearis as estimated from xylem
development measurements (n^j^; see Fig. 3). BD=BIue
Diamond; CV=Cottonwood Valley.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

360

35

Xylem development data from the 1995 Blue Diamond stem was used to predict
theoretical conductance through the year. Using r^j^j measurements, all vessel diameters
were measured and all vessels were assumed open and conducting. Under these
conditions, experimental data indicate that conductance rates would increase through the
year at least through September, the end o f the growing season (Fig. 16).
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CHAPTER 4
DISCUSSION
Chilopsis linearis is distributed in and along washes where sub-surface water is
more readily available. However the rate and amount o f growth is strongly correlated to
precipitation patterns which may indicate that this species is a facultative phreatophyte
(Smith, Monson, & Anderson, 1997). In addition to aspects o f the xylem studied in this
work, there are a number of characteristics related to drought avoidance and drought
tolerance that allow this plant to survive an arid environment. Tolerance mechanisms
allow plants to maintain metabolic activity under mild and severe stress, while avoidance
mechanisms permit reduction in autotropic activity which can lead to dormancy under
extreme stress conditions (Osmond et al., 1987).
C. linearis exhibits leaf traits, often termed xeromorphic, that are adaptive to arid
environments. The leaves present iso lateral palisade parenchyma, increasing
photosynthetic ability. Stomata are located on both the adaxial and abaxial surfaces,
providing increased CO2 availability to palisade parenchyma (Mauseth, 1988). There is a
relatively thick leaf cuticle projecting over the stomatal aperture (Scott, 1935). Shedding
leaves can reduce water loss, thus avoiding extremely low water potentials by reducing
leaf surface area. Although this particular species o f Chilopsis is winter deciduous, it will
drop leaves in the summer when drought-stressed (Nilsen, Sharift & Rundel, 1984). The
new, smaller leaves that develop will have less leaf area and so will not lose as much
water.

37
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In the present study, leaf water potentials were lower at Blue Diamond compared
to Cottonwood Valley in the spring and summer months o f both years. However, plants
at each site had similar water potentials in both dry and wet years. Odening, Strain and
Oechel (1974) studied the effect o f decreasing water potential on net CO 2 exchange o f
intact desert shrubs and found that C. linearis reached zero photosynthesis at a water
potential of -3.5 MPa, which they considered to be relatively high. Because the leaves
were able to maintain higher water potentials in spite of the arid conditions, they surmised
that Chilopsis must have an adaptive mechanism that allows leaves to maintain a positive
net photosynthesis at all but the lowest leaf water potentials. Such a trait would function
to maintain a relatively stable leaf water potential relative to moisture availability and
ambient temperatures.
Preliminary studies in the present work to quantify the effect o f stem length on
measured conductance indicate that as stems are shortened, conductance increases.
Conductances might be expected to remain constant despite reduction in the length o f the
stem because hydraulic conductance is expressed per unit length eliminating the effect o f
stem length. The changes in conductance that were observed might be due to obstruction
o f the stems by embolisms or debris that are trapped within vessels. Each cut o f the stem
may have removed some o f these obstructions (Chiu & Ewers, 1993). In addition, vessel
endings within the tested stem segment would further reduce the measured conductance.
These measurements suggest that stems do not contain ideal pipes representing siihple
unobstructed vessels. The preliminary experiments to remove embolisms by flushing also
suggest that a single flush was adequate because conductance did increase after further
flushes.
For the plants in this study, it appears that under natural conditions many vessels
are not functional. Functional conductance ratios for plants at Blue Diamond and
Cottonwood Valley were never greater than 0.49 in either the dry or wet year. Various
authors state that the actual conductance for most woody species can range from 20 to
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100 % o f the predicted conductance (Tyree & Zimmermann, 1971; Zimmennann &
Brown, 1971 ; Gibson, Calkin & Nobel, 1985; Calkin, Gibson & Nobel, 1986; Ewers,
Fisher & Chiu, 1990). According to Milbum (1991), the occurrence o f embolisms in
woody species is quite normal and that many species produce new conduits from the
cambium to balance the loss.
Mean annual stem conductance

at Blue Diamond differed between the dry and

wet years with conductance in the wet year nearly double that o f the dry year.
Conductances at Cottonwood Valley did not differ between the years. Despite the
doubling o f

at Blue Diamond, the functional conductance ratio remained the same in

May and July and was slightly higher in October o f the wet year (1995). By the end o f the
growing season, the number of vessels had more than doubled in the wet year. The annual
mean conductance could be higher for that year because fewer o f the larger diameter
vessels were embolizing due to the increased availability o f water, and hence reduced
xylem tensions. However, the increase in number o f vessels produced would also
contribute to a higher stem conductance. Xylem development measurements during both
years at Blue Diamond indicate that xylem width (mm) increased over the course o f the
year and widths were greater in the wet year. The combination o f these factors would
increase Xy over the growing season during a wet year. Although there was more
precipitation in the wet year, it was sporadic and vessels were still being lost to embolism.
Based on xylem development measurements, a theoretical conductance was
calculated for the second-year jg^lem that assumed that all vessels were open and
conducting. These theoretical predictions were compared to second-year pre-flush and
post-flush predicted conductances. Theoretical data suggest that conductance would
continue to increase over the growing season. Conductances predicted from staining o f
vessels even after flushing, do not coincide with the theoretical data. Interestingly, some
investigators using this type o f staining technique have found that some conduits lacked
stain after flushing even though emboli should have been removed. This could possibly be

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

40

due to particles of stain that did not dissolve and are obstructing some vessels (Hargrave
et al., 1993). Perhaps staining underestimates the number o f vessels that are actually
conducting. On the other hand, vessel endings may be a source o f obstruction to flow.
The Hagen-Poiseuille equation for ideal pipes states that the hydraulic conductance
is proportional to the fourth power of the radius and therefore vessel diameter is the most
significant contributor to the conductance o f a stem to water. This increase in diameter
greatly increases the volume o f water a vessel transports (Zimmermann & Milbum, 1982).
It is no longer assumed that larger vessels are more prone to cavitation due to conduit size
or wall thickness (Sperry & Saliendra, 1994). When large vessels do cavitate, the loss o f
conducting ability has a great effect on plant water relations because o f the volume o f
water they transport. The loss o f the larger vessel can induce increased tension in adjacent
xylem conduits, thereby subjecting them to cavitation. Larger diameter vessels, owing to
their greater surface area, wül have more inter-vessel pits and therefore may be subject to
an increased risk o f developing emboli due to air-seeding. In addition, pit membranes o f
agir^ vessels may deteriorate over time, becoming more permeable, thus allowing air to
penetrate vessel ends at low pressure differences, resulting in the formation o f emboli
(Sperry, Perry & Sullivan, 1991). Tyree and Sperry (1988) theorized that run-away
cavitation events can ultimately lead to catastrophic xylem dysfunction in which remaining
functional vessels are subject to more tension and will also cavitate.
In the plants sampled, the average diameter o f conducting vessels remained quite
stable throughout the seasons over both years. C linearis, which exhibits semi-diffuse
porous xylem, has wide range in diameter o f the vessels being produced throughout the
growing season. The vessel diameter distribution for functioning conducting vessels o f
Chilopsis linearis remains roughly a normal distribution throughout the year at both sites
for dry and wet years, implying that a large number o f mid-sized vessels are being
produced. The production o f small and mid-sized vessels is a safety fector in the sense
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that when large diameter vessels cavitate and their conducting ability is lost, large numbers
o f smaller vessels are still functioning.
The segmentation theory put forth by Zimmermann (1983) proposed that trees are
anatomically segmented such that leaves and twigs will be shed under stressful conditions
in order to maintain the conducting integrity o f the main axis o f the tree. If vessels are
narrower in terminal regions o f stems, there is more resistance to flow. In periods o f
drought, when there is increased tension on the water column combined with higher
resistance, cavitation would first occur in leaf petioles and twigs rather than a main branch
(Grace, 1993). A model developed by Tyree & Sperry (1988) predicted that there is a
patchwork pattern o f catastrophic loss o f vessels due to embolism in minor branches, but
that water balance improves for those minor branches that survive. Perhaps after finit has
set, some o f these smaller second-year stems are being shed to retard water loss in larger
stems and branches. However critical it may be for embolisms to be contained, cavitation
and the resultant embolism formation are a natural progression o f the development of
sapwood to heartwood (Milbum, 1991).
Although our estimate o f functional conductance ratios appears low for stems that
are flowering and setting finit, this variable expressing the fi-action of conducting ability
was, in most cases, highest in the spring. By the end o f the growing season, the distal
ends o f those stems where finit had set were dried up and non-functional. The finit o f
Chilopsis is a long capsule that needs to dry out to promote seed release by dehiscence.
Maintenance o f low conductance in early summer would allow for successful reproduction
in arid environments where this plant is found.
In the desert shrub, Chilopsis linearis, there appears to be a balance between
xylem vessel development and embolism formation, regardless o f whether the year was
considered a dry year (1994) or a wet year (1995). Data indicate that both the Blue
Diamond and Cottonwood Valley sites for both dry and wet years maintain similar
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functional conductance ratios, with very little variation, despite differences in the number
of functioning vessels between these years.
In the dry year, the number o f functioning vessels at a given time was constant or
decreased slightly. This decrease can be seen in both Blue Diamond and Cottonwood
Valley. In the wet year at Cottonwood Valley, the number o f functioning vessels in
October was more than double that o f the previous dry year. A wetter year leads to
enhanced growth for many organs and tissues, increasing biomass, so more vessels would
be produced. The xylem development measurements here clearly demonstrate that vessel
development is continuing throughout the growing season and that in a wet year, there
will be an increase in vessel production compared to a dry year. The slight decline in
number o f conducting vessels at the end o f the season in both sites in the dry year may be
attributed to the combination o f vessel loss due to embolism and cessation o f vessel
production for the growing season. The changes in vessel production do not appear to
cause any great fluctuation in xylem conducting ability over the seasons. It is the constant
production o f vessels over time that offeets the loss o f conductance due to embolism
formation.
Cottonwood Valley is 362 meters higher in elevation than the Blue Diamond site.
Although summer temperatures are also high at Cottonwood Valley, elevation may play
some part in the reduced fluctuation in functional conductance ratios, lower leaf water
potentials o f the lower elevation Blue Dizunond site and lower annual mean stem
conductance. Closer proximity to the mountains may mean access to more runoff. In
addition, plants on Cottonwood Valley may experience slightly less water stress due to a
shorter growing season. This would be consistent with field observations in both years.
The plants at Blue Diamond began leaf production in late March, while in Cottonwood
Valley, it was middle to late April before any leaves appeared. In 1995, Blue Diamond
plants were in flower in early June, while Cottonwood Valley, there were buds but no
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flowers. In the fall of 1994, leaves begin to abscise in late September in Cottonwood
Valley while in October, Blue Diamond still had some green leaves.
In the future, it would be o f interest to study xylem conducting ability in
relationship to rates of photosynthesis, leaf growth, and fruit production. If Chilopsis
linearis plants were grown in a well watered soil with high humidity, would functional
ratios reach 1.0? Would xylem conductance

increase over the season as end walls o f

vessel elements dissolve? Would vessel production increase throughout the growing
season? It would also be o f interest to measure conductances in larger branches to see if
they were comparable to younger stems.
In summary, Chilopsis linearis, a focultative phreatophyte, experienced no
extreme changes in xylem conducting ability over the course o f a dry or wet year and less
that half o f the vessels were conducting at any time during the growing season. There was
a two-fold increase in mean annual stem conductance for plants from Blue Diamond
during a wet year, which was most likely due to increased vessel production. There
appears to be a balance between xylem vessel development and embolism formation as a
result o f the continuous production o f new vessels throughout the growing season and the
loss o f vessels to embolism. Vessel diameters appear to be approximately bell-shaped in
their distribution with more vessels in the medium range, which would help to preserve the
conducting ability if vessels were to embolize. The combination o f xeromorphic traits and
the balance between xylem vessel development and embolism formation allow C. linearis
to survive in an arid environment.
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APPENDIX A

Variables and Dimensions

Table 1

Dimensions and descriptions for variables used in equations

Symbol

n
p
'P
Qv
d
X

Description

Dimensions

conductance per unit length
viscosity o f water
pressure
water potential
volume flow o f water
diameter
length

m^MPa'^s'
MPa s
MPa
MPa
m^s”^
m
m
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